Starting from readily available a-diazo-b-keto esters 8 and aromatic primary thioamides 9 and 14, a simple synthesis of 2-aryl 4-substituted thiazole-5-carboxylate derivatives of type 10 and 16 has been accomplished. The method is based on the efficient catalysis of CuBr, which promotes the formation of the corresponding carbenoids 11 from diazo derivatives 8. These Cu-carbenoids 11 react with the thiocarbonyl group of the primary thioamides to afford presumably intermediates of the general type 12, which by subsequent cyclocondensation furnish the title thiazole derivatives.
It is well known that the thiocarbonyl group (C=S) is a very reactive dipolarophile. The reaction between thioketones ("superdipolarophiles") 3, 4 and diazo compounds was first studied many years ago by Staudinger. 5 From this seminal work and through the fundamental studies carried out by Schönberg, 6,7 Huisgen 8-10 and others, 11 it was shown that thiocarbonyl compounds 1 react very efficiently with diazo derivatives 2 to give 2,5-dihydro-1,3,4-thiadiazoles of type 3.
12 Most of these adducts 3, are rather unstable at ambient temperature and eliminate N 2 spontaneously or after slight warming to give reactive thiocarbonyl ylides of type 4, which depending on the substitution pattern and/or on the reaction conditions, can undergo various reactions such as 1,3-dipolar cycloadditions, [13] [14] [15] [16] ring closure to thiiranes, [17] [18] [19] dimerization to 1,4-dithianes, 20 ,21 1,4-shifts 22 and 1,5-dipolar electrocyclizations 23 (Scheme 1).
Scheme 1
In addition to their intrinsic theoretical interest, these reactions between thiocarbonyl groups and diazo compounds have also found useful preparative applications in the synthesis of several complex natural products like the antibiotic indolizomycin, 24, 25 the alkaloids chilenine and cephalotaxine. 26 In these cases, the formation of the corresponding thiocarbonyl ylides served as the key intermediates for the successful accomplishment of their total syntheses.
During the course of our ongoing studies on the development of efficient methodologies that could readily be adapted for combinatorial and/or parallel synthesis of relevant core structures in solution or on solid supports, [27] [28] [29] [30] [31] we became interested in exploring the synthetic possibilities offered by thiocarbonyl ylides specifically generated from primary thioamides, as useful reactive intermediates toward the preparation of different heterocyclic systems. 32 There are many reports in the literature regarding the use in organic synthesis of thiocarbonyl ylides generated by the reaction of diazo compounds with thioketones, 33 thiolactones, 34, 35 and thiolactams, 36 however, the analogous reaction with thioamides has received considerably less attention. Only recently has it been reported that when 2-diazo-1,3-diketones are allowed to react with thioamides at high temperatures, the corresponding condensation products of the 1,3-oxazinone type are formed in good yields together with small amounts of 5-acylthiazoles. The same reaction under photochemical conditions was reported to produce only the corresponding 5-acylthiazole derivatives albeit in low yields. 37 Herein, we report our findings from an investigation of the reaction between a-diazo-b-keto esters and primary thioamides and its application toward the synthesis of novel thiazole derivatives. We prepared a number of a-diazo-bketo esters of type 8 using known procedures. These were formed in high yields by the reaction of tosyl azide with b-keto esters 7 in the presence of a suitable base. 38 (Caution! we have routinely worked with derivatives of type 8 in scales up to 5 g and although in our hands no hazard occurred, a-diazo carbonyl compounds are toxic and potentially explosive. Accordingly, they should be handled with care). In turn, commercially unavailable b-keto esters 7 were also prepared easily in high yields by following a one-pot, two-step procedure based on the condensation of different acid chlorides 5 with Meldrum's acid 6 and subsequent alcoholysis 39 (Scheme 2). When the diazo derivatives 8 were allowed to react with aromatic primary thioamides 9a,b in refluxing toluene in the presence of 1 equivalent of CuBr for 2 hours, the corresponding thiazole derivatives 10a-d were obtained in good yields (62-78%) (Scheme 3, Tables 1 and 2 ).
Apparently, this transformation takes place via the efficient catalytic effect of copper(I), which generates the corresponding carbenoids 11 from 8. These Cu-carbenoids 11 react with the thiocarbonyl group of 9 to give an intermediate 12, which, after cyclocondensation, affords trisubstituted thiazoles 10 (Scheme 4).
The use of other metals as catalysts, such as Rh 2 (OAc) 4 , led to untreatable reaction mixtures in which the presence of thiazoles of type 10 could only be detected in trace amounts. CuCl also promoted the formation of the corresponding thiazole derivatives 10, albeit in 10-15% lower yields. Furthermore, the presence of an aromatic ring ad-
Ref jacent to the thiocarbonyl group seemed to be essential in order to drive the reaction toward the formation of the corresponding thiazoles 10. When aliphatic thioamides like thioacetamide or thiourea were subjected to analogous reaction conditions, the reaction did not result in the formation of any thiazoles. In these cases, we only could observe the decomposition of the diazo compounds 8 to
give the parent b-keto esters 7, plus the formation of stable Cu(I) complexes of the type CuBr[RC(=S)NH 2 ] 4 , which were detected by cyclic voltammetric methods. 40, 41 With the aim of further extending the scope of the successful methodology developed herein toward the synthesis of 2-arylthiazoles 10, we wished to use additionally functionalised aromatic thioamides that could further enhance the potential introduction of a higher degree of molecular diversity. For that purpose, we initially selected the anthranilic thioamide 14, easily available in 72% from anthranilic amide 13 and Lawesson's reagent. This thioamide 14, once transformed into the corresponding thiazole, would enable the introduction of additional diversity through suitable manipulations at the nitrogen atom of the aniline moiety. Thus, when a mixture of 14 and different a-diazo-b-keto esters of type 8 were prompted to react in the presence of 1 equivalent of CuBr in refluxing toluene, the corresponding thiazole derivatives 16a-h were also obtained although in moderate yields (38-48%) (Scheme 5, Tables 3 and 4) .
The presence of an additional nitrogen atom on the aromatic moiety could deactivate the copper catalyst to some extent through partial complexation, but the addition of additional amounts of CuBr did not improve the yields. The structural elucidation of the novel thiazole derivatives 16a-h was accomplished by the usual spectroscopic methods, and in addition, 16b was subjected to an X-ray crystal structure analysis, which unambiguously confirmed the structure (Figure) . Figure ORTEP plot 42 of the molecular structure of 16b with 50% probability ellipsoids Finally, and just to show that our initial working hypothesis regarding the introduction of further diversity through the aniline moiety was feasible, compounds 16g and 16h were sulfonylated with TsCl in CH 2 Cl 2 -pyridine to give 17a,b in high yields. Saponification of the ester moiety with 1 N NaOH/MeOH afforded the corresponding carboxylic acids 18a,b, also in good yields (Scheme 6, Tables 5 and 6 ).
In summary, we have developed a simple methodology that allows novel trisubstituted thiazoles 10 and 16 to be synthesized from easily available starting materials. The method is based on the key role played by Cu(I) which presumably catalyses the formation of intermediates 12 from carbenoids 11 and leads to the corresponding thiazole derivatives 10 and 16. The easy access to the corresponding starting materials 8, 9 and 14 permits the potential introduction of a wide range of structural variations and therefore makes this method an attractive alternative route for the synthesis of novel thiazole derivatives with a high degree of molecular diversity. The limitation imposed by the fact that only aromatic thioamides can undergo this type of transformation (no restrictions were found within the diazo carbonyl ester derivatives) should be considered as a disadvantage. Nevertheless, due to the importance of the thiazole nucleus in medicinal chemistry (the thiazole ring is a pharmacophore widely distributed in many biologically active molecules [43] [44] [45] [46] ), the development of new synthetic repertoires for the preparation of novel members of this important class of heterocycles is of current interest.
All commercially available chemicals were used as purchased. CH 2 Cl 2 was dried over CaH 2 and kept over activated molecular sieves (4Å). Toluene and THF were dried over Na/benzophenone prior to use. All reactions were run under a positive pressure of dry N 2 . Melting points (capillary tube) were measured with an electrothermal digital melting point apparatus, IA 9100 and are uncorrected. IR spectra were recorded on a Mattson-Galaxy Satellite FT-IR spectrometer.
1 H and 13 C NMR spectra were recorded at 200 and 50 MHz, respectively, on a Brucker DPX200 Advance instrument with TMS as the internal standard. MS spectra were recorded on a VG Quattro instrument in the positive ionisation FAB mode, using 3-NBA or 1-thioglycerol as the matrix. Elemental analyses were performed on an apparatus from Thermo instruments, model EA1110- CHNS. Analytical TLC was performed on precoated TLC plates, silica gel 60 F 254 (Merck). Flash-chromatography purifications were performed on silica gel 60 (230-400 mesh, Merck).
Thioamide 9b
To a solution of 4-Methylbenzonitrile (2.9 g, 25 mmol) in a mixture of absolute EtOH (13 mL) and 25% aq NaOH (2 mL) was added 35% H 2 O 2 (10 mL). The mixture was stirred at r.t. for 0.5 h. Additional 25% aq NaOH (2 mL) and 35% H 2 O 2 (5 mL) were added and the mixture stirred at r.t. for 2 h. Then 50% H 2 SO 4 , was added until pH 3-4. EtOH was distilled off, and the resulting residue was partitioned between H 2 O (10 mL) and EtOAc (30 mL). To the aqueous layer, aq 25% NaOH was added until pH 7-8 and extracted with EtOAc (30 mL). The combined organic layers were dried (MgSO 4 ), filtered, and evaporated to give the corresponding 4-methylbenzamide as a colourless solid (3.34 g, 99%), pure enough to be used in the next step; mp 158-159 °C. 
2-Aminothiobenzamide (14)
To a solution of 13 (2 g, 14.7 mmol) in THF (73 mL) was added the Lawesson's reagent (3.23 g. 8 mmol). The mixture was stirred under N 2 at r.t. for 24 h. The solvent was evaporated, and the residue partitioned between EtOAc (50 mL), and 1 N HCl (30 mL). To the aqueous layer was added aq sat. NaHCO 3 until pH 8-9. The basic solution extracted with EtOAc (2´30 mL). The combined organic layers were dried (MgSO 4 ) and filtered. The solvent was evaporated and the resulting solid residue recrystallised from toluene to afford pure 14 
2-Arylthiazoles 10a-d and 16a-h; General Procedure
A mixture containing the corresponding aromatic thioamides 9a-b or 14 (1 mmol), each of the different diazo derivatives 8 (1 mmol) and CuBr (1 mmol) in anhyd toluene (5 mL) was stirred under N 2 at reflux temperature for 2 h. The suspension was filtered through a fluted filter paper, and washed with toluene. The solvent was evaporated and the residue purified by flash-chromatography (hexaneEtOAc) to afford pure 10a-d and 16a-h (Tables 1-4) . An empirical absorption correction based on y-scans 48 was applied. The structure was solved by direct methods using SIR92 49 and refined on F by full-matrix least-squares methods using teXsan. 50 The positions of the amine H-atoms were refined isotropically, while all other H-atoms were in calculated positions. The refinement of 189 parameters using 2161 observed reflections with I > 2s(I) gave R1 = 0.0501, wR2 = 0.0426, S = 1.792, and Dr max = 0.28 e Å -3 .
Tosyl Thiazole Derivatives 17a,b; General Procedure
To a solution of 16g,h (0.39 mmol) in anhyd CH 2 Cl 2 (2 mL) was added pyridine (0.03 mL, 0.39 mmol) and a solution of p-toluenesulfonyl chloride (0.077g, 0.39 mmol) in anhyd CH 2 Cl 2 (2 mL). The mixture was stirred at r.t. for 48 h, then diluted with CH 2 Cl 2 (10 mL) and washed with 0.1 N HCl (3´20 mL). The separated organic layer was dried (MgSO 4 ), filtered and concentrated. The resulting crude material was purified by flash column chromatography (hexane-EtOAc, 10:1 as eluent) (Tables 5 and 6 ).
Thiazole Carboxylic Acid Derivatives 18a,b; General Procedure
To a solution of 17a,b (0.5 mmol) in MeOH (1 mL) was added aq 1 N NaOH (1 mL). The mixture was stirred at r.t. for 24 h. 1 N HCl was added until pH 3 was reached and then extracted with CH 2 Cl 2 (3´10 mL). The organic layer was dried (MgSO 4 ), filtered and evaporated under reduced pressure to afford pure 18a,b as colourless solids (Tables 5 and 6 ).
